Currently economic growth in a New York City watershed is limited due to phosphorus concentrations exceeding standards. The phosphorus concentration in the Cannonsville reservoir in New York State must be reduced to safeguard New York City's drinking water supply, and to enable economic growth to continue in the reservoir's watershed. In Delaware County, where the reservoir is located, the problem of finding and selecting promising measures to reduce phosphorus loads is extremely complex and involves numerous stakeholders. A two-level modeling approach based on Visual-Interactive Decision Modeling (VIDEMO) was used to analyse the problem, using game theory and optimization. The analysis resulted in practical guidelines for land use management, taking into consideration the possible strategies by other parties and stakeholders.
This problem will be analysed from the perspective of the local government of Delaware County. It is a complex decision problem with respect to the behaviour of phosphorus in the physical environment, but also because of the societal issues related to water quality management.
Local government agencies and businesses inside
Delaware County are involved, as well as New York City's water supply agency, State and Federal environmental protection agencies and various citizen interest groups. Delaware County will have to take into account the interests and possible courses of actions of these other organisations in the formulation of its strategy. This paper demonstrates a modeling approach that can be used by the analysts to support the decision makers in Delaware County to gain insight into the problem situation and to grasp some of the important issues. This approach, called Visual Interactive Decision Modeling (VIDEMO) (Beroggi 1999b ) is a problem-oriented approach. Reported advantages of VIDEMO are that the problem is not constrained too early in the problem solving process, that the visual approach provides an easy communication platform between analysts and policy makers, and that it covers a wide range of analytic operations research and management science tools (Largesse et al. 1996; Beroggi 1999b Beroggi , c, 2000 . This paper will continue with a short introduction of the VIDEMO approach, after which its use is illustrated by application to the case of Delaware County. The strategic level problem and the tactical level problem were analysed separately. Game theory was used for the strategic analysis, while integer programming was used at the tactical level. The results of both analyses are discussed.
The paper ends with an evaluation of the modeling approaches applied to this problem.
VISUAL INTERACTIVE DECISION MODELING
Visual Interactive Decision Modeling (VIDEMO) provides an environment where the analyst, together with stakeholders (which we will denote as the decision makers) can focus first on problem identification, then on model definition, and finally on problem resolution. The modeling process begins by translating the decision maker's mental model into a visual model that depicts the elements of the problem and their relations. Six classes of elements are used. They are derived from a broad spectrum of analytic modeling approaches. These element classes are (Beroggi 1999a, b): 1. actors: decision makers or stakeholders; 2. actions: alternatives, tactics, or strategies, depending on the level of abstraction at which the problem is addressed; 3. criteria: used to evaluate the actions; 4. scenarios: uncertain events that must be considered when evaluating the actions; 5. content goals: aspiration levels for criteria, for example, to maximise profit, or to realise at least a certain target reduction of costs; 6. structural goals: state how actions must be combined to form potential solutions.
Next, appropriate analytic modeling and solution algorithms are selected to formalise and to solve the structural model. Finally possible resolution strategies are defined and used in an attempt to satisfy all content and structural goals simultaneously. The VIDEMO approach will be applied first at the strategic and then at the tactical level of the water quality problem in Delaware County.
STRATEGIC ANALYSIS
The problem that Delaware County faces is essentially the tactical problem of how to reduce the phosphorus loads in the Cannonsville watershed. However, before addressing this tactical level problem, it is important to frame it in its DC's main objective is to provide good living conditions for its inhabitants, while its greatest concern is economic development, as the county's traditional rural economy has encountered difficulties in adjusting to recent (inter)national developments (DC 1997) . The phosphorus-restricted status of the Cannonsville watershed poses an important constraint to economic development, and therefore DC wants to evaluate possible strategies to deal with this issue. Three possible strategies are included in the structural model:
1. DC could choose to do nothing, but this would probably maintain the phosphorus-restricted status.
2. DC could attempt to lift the restrictions by filing a lawsuit against the watershed rules that were set by NYC. There is no guarantee of success, however.
3. DC could try to reduce the level of phosphorus loads through the implementation of phosphorus management measures.
The criteria used to evaluate the strategies were derived from DC's main objectives outlined above. The state of the local economy was identified as a criterion related to economic development. Because this development is currently hampered by environmental problems, and related also to the good living conditions, the criterion sustainability of the ecosystem was identified. Possible financial implications were added because of direct practical concerns; any strategy should be within the financial scope of the local government. The relationships with the other actors were added to acknowledge the importance of other actors for realising DC's objectives.
The structural goal was to select one of the three strategies. The content goal was to balance these criteria in favour of DC's own interests in evaluating the strategies and scenarios.
Formal model based on a game theoretic approach
The structural model described above was characterised by the important role of the uncertainty in the strategies chosen by the other actors. Such a structure points to game theory as a suitable modeling approach to describe and analyse the problem. The formal model was drawn using elements of the metagame approach described by Howard (1989) to enable a focus on the uncertain strategies of other actors. The basis of the approach was the analysis of options that different actors had, the possible ways in which these options could be combined to form scenarios, and the preferences of actors regarding certain options or scenarios (Howard 1989 Health interest groups (HG) are primarily concerned about the health risks of an unfiltered drinking water supply. They regard filtration to be necessary, regardless of phosphorus reduction efforts, since without filtration there will always be some remaining health risks related to pathogens that could cause human diseases (Okun et al. 1997 ).
The scenarios that refer to the strategies chosen by the other actors were incorporated in the formal model by combining the options shown in Table 1 . There were some constraints as to how the options could be combined.
None of the actors could combine their 'do nothing' option with any of their other options. If EPA decided not to grant NYC a filtration waiver (not-option 12), NYC was forced to build a filtration plant (option 4), i.e. not-option 12 had to be combined with option 4. If EPA selected option 13, NYC had to implement option 2 and/or 3.
Finally, option 2, stricter watershed rules, was only possible if it was approved by NYS (option 10).
Several scenarios were composed, acknowledging the hard constraints stated above. These scenarios are discussed below.
Co-operation between government agencies
In this scenario all the government agencies co-operate 
Co-operation between government agencies, but with a change in NYC's risk perception
This scenario could follow on from the first scenario if NYC perceives the co-operative activities to be insufficient to realise the necessary phosphorus reductions. NYC would then draft new, stricter, watershed rules to increase the phosphorus reductions, which would be bad for DC.
Capitulation by NYC
This is the scenario where NYC decides to build a filtration plant and to stimulate phosphorus reduction activities in the watershed, with which the other actors co-operate. This scenario releases most of the pressure for DC, as it would receive support and water quality standards could be lowered because the water would be filtered. The scenario would force NYC to spend large sums of money on both filtration and phosphorus reduction.
Hard play by NYC
NYC could ignore the other actors and execute a strategy based solely on its own preferences. As a result, DC would suffer from increased pressure from stricter watershed rules. If DC chooses to go to court, NYC's position could be weakened by its non-co-operative attitude.
Inactivity
A situation of inactivity might occur for a limited period, but it would be unstable, as eventually one of the actors would have to act. If the situation would last too long, there would be increasing risks that it would lead to a situation like the second scenario. This final scenario
would not seem to lead to any improvement, but it would not require any investment either, and therefore it would be neutral for both NYC and NYS. DC would not prefer this situation as it wants to lift the phosphorus restrictions and inactivity at higher levels of government might prevent that from happening. Table 2 show the possible combinations of scenarios with DC's options. The entries in the cells of these rows are estimated utilities on a scale from 1 (worst) to 10 (best). The first figure in a cell represents the utility for DC, the second the utility for the other actors. The latter represents an aggregated utility, with the highest weight assessed to NYC, as NYC was considered to be the most important of the other actors.
Analysis of the strategic level problem
The analysis of the formal model was based on security levels, where DC and the other actors were assumed to be two non-co-operative actors that took independent decisions. The security level was defined as the minimum expected utility that a party could achieve, independent of the other party, i.e. the conservative MaxMin strategy (Beroggi 1999a) . The use of such security levels helps to gain insight into courses of action that seem likely to occur if actors do not co-operate.
Following this strategy, DC should select option 6, as this maximises its minimum utility at the level of 4. The other actors should choose options E or F, and since option E dominates F, the others should choose option E.
The solution would thus be E/6, with utilities of (4, 4), marked by shading in Table 2 . Table 2 shows that there were several solutions dominating solution E/6. Solutions 7/A with utilities (7, 7), 7/D (9, 4), and 5/A (9, 4) were dominating solutions, of which solution 7/A was system optimal. The actors could arrive at this solution if they would be willing to co-operate to improve their utilities from (4, 4) to (7, 7).
Implications of strategic level analysis for Delaware County
The strategic level analysis shows the benefits of a co-operative strategy for both DC and the other actors.
The analysis also shows that the system optimal co-operative solution would only be stable as long as all the participants are indeed willing to co-operate. The co-operative scenario is the scenario that is being executed by the actors involved, after some other scenarios were tried initially (Hermans 1999) . In this way, the strategic level analysis clarifies the boundaries within which the tactical level problem occurs. Delaware's part in the scenario is to reduce phosphorus loads, which brings us back to the tactical level problem: how to reduce the phosphorus loads in the Cannonsville basin.
TACTICAL ANALYSIS Structural model of the phosphorus management problem
The tactical level problem of Delaware County is depicted in the structural model in Figure 2 . The structural model indicates that DC does not specify a set of explicit measures to solve the problem. Instead, implicit actions are defined which, in combination, make up feasible solutions. In the case of explicitly defined solution measures, multicriteria decision models would be the appropriate analytic methods. In the latter case, however, concepts from mathematical programming are appropriate. Utilities in bold are system optimal resp. MaxMin solutions. 
Implications of tactical level analysis for Delaware County
The tactical level analysis led to several valuable insights for DC for addressing its water quality management problem. The most important observation was that the target for short-term phosphorus reductions was not met.
Only in the most optimistic scenario was the target value of 17,000 kg y − 1 approached. The model contained actions that addressed only the major sources of phosphorus. Including minor sources could lead to some additional phosphorus reduction, but hardly enough to secure realisation of the target.
The study also revealed that implementing agricultural BMPs was the most promising individual action, that upgrading the municipal wastewater treatment plants of Delhi, Stamford and Walton was likely to produce robust and reasonable results, that off-farm processing of only surplus manure would be better than processing all manure, that rehabilitation of septic systems was, in general, the least attractive option and that an additional exploration of potential markets for compost was urgently required.
The sustainability of solutions was assessed based on estimations of the balancing of phosphorus loads in the long term. The exact period within which these reductions should be reached could not be determined, because the soil capacity for phosphorus uptake was unknown. However, the results did indicate that actions of manure processing and the rehabilitation of septic systems showed potential for meeting the sustainability demands.
Generally, enough financial funds seem to be available for the implementation of phosphorus management strategies. These funds have been made available by NYC, NYS and Federal government institutions (Hermans 1999) . However, it is important that DC indeed succeeds in acquiring its share of these funds and that NYC maintains its earlier promise to pay the costs for the upgrade of the municipal wastewater treatment plants.
The most important conclusion of the tactical level analysis was that short-term reduction targets for phosphorus would be very difficult to realise. There was a high risk that the Cannonsville watershed would remain phosphorus restricted. This would impair economic development in DC and would have a negative influence on the EPA determination on filtration avoidance. One way to deal with this situation would be to evaluate the target values, which were based on the official standards.
Official standards specified thresholds for the annual loads of total phosphorus, based on concentrations of total phosphorus in the reservoir. Using modified targets might be a more suitable approach, since the problem related to phosphorus-limited algae growth seems to be influenced more by dissolved phosphorus, which is only a small part of total phosphorus. Seasonal effects also seem to play an important role (Auer et al. 1998; Hermans 1999) .
INTERACTION BETWEEN STRATEGIC AND TACTICAL LEVEL RESULTS
The only. You know no more than you know, and can be surprised. But at least you will not be like the United
States at Pearl Harbor -and lesser decision makers since -
in not using what you know.' (Howard 1989, p. 246) .
The tactical level analysis is also limited by the current state of knowledge, but based on this, the structural model for this level is believed to be an adequate representation for the problem. This structural model is analysed using a linear optimization technique, which is, of course, not the most sophisticated technique available for analysing complex problems. The VIDEMO approach also accommodates techniques such as probabilistic influence diagrams, group decision making, dynamic programming, multicriteria decision modeling and conflict resolution (Beroggi 1999b) , and it also allows for inclusion of other techniques such as fuzzy logic and probabilistic approaches, as long as the resulting decision models are problem, rather than tool, oriented.
From the possible range of techniques, integer programming has been chosen here because of its fit with the structural model for the problem at hand. In line with the problem-oriented approach that is central to VIDEMO, a good argument can be made for using the simplist technique that will do the job, rather than a more complex method. A technique that makes it easier for decision makers to follow the general line of reasoning in arriving at conclusions is preferred to one that is harder to understand, even if of more interest to the research community. The selected linear optimization approach produces the insights that are useful to the decision makers.
CONCLUSIONS
The paper demonstrated an application of a problemoriented approach to analysing a complex and sensitive political problem, that of managing water quality in one of New York City's watersheds. The problem was addressed at both the strategic and the tactical level. The step-by-step VIDEMO approach allowed the allocation of the problem to the analytic tools, rather than vice versa. In this way, the bias that a specific technique would be likely to introduce in the definition of a problem was circumvented. Narrowing the analytic framework too early in the process could result in an emphasis on certain aspects of the problem, while ignoring others that might be of equal relevance.
The modeling 
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All decision variables are non-negative integer variables. 
